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Background

The CO; stream injecting into the Weyburn-Midale field can be generally
classified as a reducing stream with residual H,S and low-molecular weight
hydrocarbons. The composition of the CO, gas stream from the Dakota
Gasification Company is reported to be 95% CO,, 4% hydrocarbons, and 1%
H>S by volume (Huxley 2006). In addition to the H,S introduced at the injection
wells, significant concentrations of H,S are thought to have been produced in-situ
by sulfate reducing bacteria from previous water floods for enhanced oil
production (Bailey et al., 1973; Emberley et al., 2005, Huxley 2006). Produced
gas compositions range in H,S concentrations from 1 to 6 volume percent. The
produced gas, including the trace impurities, is re-injected into the field. Although
there is no evidence for inorganic reduction of SO4* to H,S at the Weyburn-
Midale field, Sitchler and Kazuba (2009) suggest that SO4* can be inorganically
reduced to elemental sulfur in highly reducing environments based on a natural
analog study of the Madison Formation in Wyoming. They propose that elevated
concentrations of CO; dissolve anhydrite to produce the sulfate that is then
reduced.

Oxidizing CO, streams with residual O, and SO, typical of streams
captured from oxyfuel and post combustion processes are not presently an issue
at the Weyburn-Midale field. However it is possible that the oxidizing CO,
streams may be injected in the future in carbonate reservoirs similar to the
Weyburn-Midale field.

To date there are few modeling and experimental studies that have
explored the impact of impurity gases in CO, streams targeted for geologic
storage (Gale 2009). Jacquemet et al (2009) reviewed select geochemical
modeling studies that explored the impact of SO, and H,S impurities in the waste
streams (Gunter et al., 2000, Knauss et al., 2005, Xu et al., 2007). These studies
collectively show that SO; significantly reduces the pH when oxidized to H,SO4
causing enhanced dissolution of carbonate minerals and some sulfate mineral
precipitation. Low pH results in higher mineral solubility and faster dissolution



rates and is thought to enhance porosity and permeability near the injection well
when trace amounts of SO; is injected with CO,.

The impact of H,S on storage reservoir performance appears to more
subtle. Knauss et al (2005) report no significant impacts of injection of CO, gas
streams with and without H,S (1 M Pascal H,S + 8.4 M Pascal CO3) in
simulations of CO; storage in the Frio sandstone formation. Geochemical
reactions for H,S impurities include enhance field alkalinity and reaction with iron
bearing minerals that may delay breakthrough of H,S relative to CO,. Emberley
et al. (2005) report that half of the alkalinity measured at monitoring wells at the
Weyburn-Midale field is due to HS". Schoonen and Xu (2004) report that H,S
can be sequestered as pyrite in sandstones and carbonates by dissolving iron
hydroxides and iron-bearing clays. Similarly, Gunter et al (2000) propose the
that siderite converts to iron sulfides when it is reacted with H,S. The
geochemical reactions between H,S and iron bearing minerals together with the
high solubility of H,S relative to CO, may contribute to the delayed break though
of H2S in experiments.

A few core flood experiments have shown that the injection of supercritical
CO; into carbonate aquifers has the potential to significantly alter the porosity in
the absence of trace gases such as SO, and H,S. Luquot and Gouze (2009)
documented a 2% porosity increase in carbonate cores when rock-water
interactions were transport limited and solution concentrations were closer to
equilibrium and a 4% porosity increase when rock-water interactions were
reaction limited and solution compositions were further from equilibrium.
Similarly Le Guen et al (2007) used x-ray micro-tomography and geochemistry to
show that porosity significantly increases when reacted with pure CO,. While
both of these studies nicely illustrate the relationship between reaction kinetics,
thermodynamics, and porosity changes using x-ray micro-tomography, actual
changes in a reservoir may be significantly lower because the input brines used
in these studies were significantly dilute and below mineral carbonate saturation.

Report Objective

The obijective of the simulations reported below was to explore viable
experimental parameters for CO2 core flood experiments designed to investigate
the impact of CO2 on porosity and permeability in the Weyburn-Midale storage
reservoir. We describe the simulation results for core flood experiments in which
formation waters that are equilibrated with supercritical CO, at 60°C and 14.7 M
Pascals react with three different flow units within the Midale formation.

Approach

The numerical reactive-transport simulations were performed using the
Nonisothermal Unsaturated-Saturated Flow and Transport code, NUFT (Nitao
1998). The NUFT code is a highly flexible software package for modeling
multiphase, multi-component heat and mass flow and reactive transport in
unsaturated and saturated porous media. An integrated finite-difference spatial
discretization scheme is used to solve mass and energy balance equations in
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both flow and reactive transport models. The resulting nonlinear equations are
solved by the Newton-Raphson method. The NUFT code is capable of running
on PCs, workstations, and major parallel processing platforms. Some of the
application areas include: nuclear waste disposal, CO, sequestration,
groundwater remediation, and subsurface hydrocarbon production (Buscheck et
al., 2003; Carroll et al., 2008; Glassley et al., 2003; Johnson et al., 2004, 2005).
Our 1-D radial reactive transport model of the core flood experiments is
based on geochemical and physical characteristics reported for the Midale Marly
(M3), Midale Vuggy intershoal (V1) and shoal (V6) flow units. We chose to study
the porosity evolution using these three units because their differences in initial
mineral abundance, porosity, and permeability. The mineralogy for these units is
shown in Table 1 and described in more detail in Durocher et al. (2003). Briefly,
the Midale Marly (M3) has a much lower abundance of calcite relative to dolomite
than flow units V1 and V6 from the Midale Vuggy flow unit. In addition to these
major differences in mineralogy, the V6 flow unit is 5 to 25 times more permeable
than the M3 or V1 flow units. Porosity for the flow units range from 10 to 26%.

Table 1 (IEA Weyburn CO2 Monitoring and Storage Project, Subtask 31.
Reservoir (Baseline) Mineralogy; Final report, Durocher et al., 2003).

wt % M3 V1 V6

Calcite 21.8 82.3 68.8
Dolomite 62.7 11.6 14.6
Anhydrite 5.2 2.8 12.8
Quartz 4.6 1.5 1.8
K-feldspar 3.5 0.9 0.5
Plagioclase 1.3 0.6 0.3
Illite 0.7 0.3 0.2
Kaolinte 0.2 0 0.9
Anatase 0.1 0 0
Apatite 0 0 0
Total 100.1 100 99.9
Porosity % 26 10 15
Perm MD 10 3 50

Note* Report refers to trace amounts of pyrite and Appendix B shows
between 0 and 1 wt% Fe203 in dolomite.

In our simulations, the reservoir brine is generated by equilibratinga 1 m
NaCl brine with the flow unit mineralogy at 60°C and 14.7 M Pascals using the
EQ3/6 geochemical speciation code and the “shv” thermodynamic database to
correct for pressure effects (Wolery 1992a, Johnson et al., 1992). The reservoir
brine is then equilibrated with supercritical CO, using a fco, corrected for
temperature and pressure (Span and Wagner, 1996). Chemical compositions of
the reservoir brine and CO,-flood brine are shown in Table 2. The COz-brine is
then injected into a core with r = 7.5 mm and | = 30 mm assuming homogeneous
mineral distribution, porosity, and permeability for the flow units listed in Table 1.
Changes in solution and gas chemistry, mineral abundance, and porosity are
then tracked over a 30-day period.



Table 2. Chemical composition of the COz-equilibrated brine for the Weyburn-
Midale storage site.
This Study (molal) Luquot and Gouze (2009) (molar)

T°C 60 100
pH 3.64 3.21
fco2 80.4 100
fros 7 x 1072
Al 1.65x 10
Ca 3.17 x 102 8.25x 107
Cl 1.00 1.00
Fe 3.03x 10"
HCO; 0.89 0.8
K 1.20 x 1072
Mg 1.05x 107 1.6 x10™
Na 1.00 1.00
SO, 3.67 x 102
SiOx(aq) 3.59 x 10
HS 3.00x 103

In the reactive transport modeling, mineral-brine interaction was modeled
using explicit kinetics instead of assuming partial equilibrium as in the EQ3/6
reaction-path calculation. Rates of interaction of a mineral with the brine were
described by an equation of the form:

% _ _Sk298']Ske—E/R(T—298.15)(1 _ [% )

where n is the number of moles of the mineral, t is time (s), k is the rate constant
for the mineral (mol-m?-s™) at 298.15K, S is the active surface area for the
mineral (m?), E is the activation energy for the mineral (kJ-mol™), Tis the
absolute temperature, R is the gas constant, K is the equilibrium constant for the
mineral, and Q is the corresponding activity product. Here Q = Kimplies
equilibrium, Q < K implies undersaturation (and dissolution), and Q > K implies
supersaturation (and precipitation). The rate equation was used to describe both
dissolution and precipitation, with whichever process being determined by the
relationship between Q and K. Note that a negative value of dn/dt indicates
dissolution. The rate constants and activation energies used in this study are
shown in Table 3. Dolomite and K-feldspar were not allowed to precipitate in this
model.

Table 3. Kinetic rate constants for dissolution/precipitation

Mineral logk* E** Source

Calcite -5.81 23.5 Palandri and Kharaka (2004)
Dolomite -7.53 52.2 Palandri and Kharaka (2004)
Magnesite -9.34 23.5 Palandri and Kharaka (2004)
Anhydrite -3.19 14.3 Palandri and Kharaka (2004)
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Quartz -13.99 87.7 Johnson et al. (2004)

K-feldspar -9.75 51.7 Johnson et al. (2004)
Muscovite/lllite -13.0 22.0 Johnson et al. (2004)
Albite -12.0 67.82 Blumm and Lasaga (1995)
Kaolinite -12.4 29.0 Johnson et al. (2004)

*dissolution rate constant at 298.15°K, consistent with units of mol-m?-s™
**activation energy, kJ-mol’’

Results and Discussion

Figures 1-6 show the simulation results as the CO»-equilibrated reservoir
brine reacts with the Midale Marly and Vuggy flow units as a function of volume
% anhydrite, calcite, dolomite, and porosity, as well as anhydrite, calcite, and
dolomite saturation, and pH. Net porosity is enhanced in all cores because the
volume of calcite and dolomite dissolved by the acid brine is not fully
compensated by the volume of anhydrite precipitated. In all cores, a
chromatographic sequence is observed for the volume abundance of calcite,
dolomite, and anhydrite that is related to mineral reaction kinetics. Calcite
volume percent decreases first, followed by a decrease in dolomite simply
because calcite dissolution rates are about two orders of magnitude greater than
dolomite dissolution rates. Anhydrite abundance exhibits an inverse overprint on
carbonate abundance curves, as the dissolved calcium from the carbonate
minerals is partially precipitated as anhydrite. The dissolved sulfate for anhydrite
precipitation is from the input solution. Anhydrite reaction rates are so fast that
only small deviations from saturation are observed. Mineral abundance of
silicate minerals are not shown here because low reaction rates and/or low
mineral abundance lead to minimal changes in net porosity within the flow units.
These phase may be much more important when we assess the role of trace
gases within the storage formation.

The enhanced porosity zone increases with increased reaction time and
flow rate, because more carbonate minerals dissolve to neutralize of a larger
amount of the CO.-rich brine. The simulations show the most extensive porosity
changes because they are designed to simulate reaction front between CO,
plume, the reservoir brine, and the formation mineralogy. The CO.-equilibrated
brine is initially pH 3.6 and undersaturated with respect to carbonate minerals.
Thus, carbonate mineral dissolution proceeds until the downstream brine is
equilibrated with calcite and anhydrite with a pH = 4.8. The simulations predict
significant porosity changes that may damage the core if the flow rate is too fast
or the reaction period too long.

In the sections below we compare porosity evolution for flow rates equal to
0.01 and 0.1 mI/min after one and five days of reaction along the length of the
core. Additional simulations results are shown from 0 to 30 days of reaction but
these time scales are not discussed here.

Midale Marly (M3)



Flow Rate 0.01 ml/min. Reaction of the Midale Marly flow unit with COx-rich
brine for one day results in an increase in the porosity from its initial value of 26%
to 39% at the inlet. Porosity evolution over distance results from calcite
dissolution (up to 17 vol %), dolomite dissolution (4 vol %), and anhydrite
precipitation (up to 8 vol %). Beyond 1.5 mm of the inlet no change in porosity
ocurrs because pore fluids are saturated with respect to calcite and anhydrite
and supersaturated with respect to dolomite (dolomite is not allowed to
precipitate in the model) as the fluid moves along the length of the core. The
final acidity of the brine is near pH 4.8 and is buffered by calcite saturation.

Increasing the reaction time to five days results in greater enhanced
porosity. Porosity increases from its initial value of 26% to 66% at the inlet.
Enhanced porosity results from calcite dissolution (up to 17 vol %) and dolomite
dissolution (up to 40 vol %) and anhydrite precipitation (up to 17 vol %). Beyond
2.5 mm of the inlet no change in porosity is seen because pore fluids are
saturated with respect to calcite and anhydrite and supersaturated with respect to
dolomite (dolomite is not allowed to precipitate in the model) as the fluid moves
along the length of the core. The final acidity of the brine is near pH 4.8 and is
buffered by calcite saturation. Extending the reaction out to 30 days yields
significant changes in porosity that may compromise the integrity of the core
during the experiment.

Case: M3 CO? injection rate: 0.01 mL/min. Case: M3 C07 injection rate: 0.01 mL/min.
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Figure 1. Simulations results for reaction of CO; rich brine with M3 core with a
flow rate = 0.01 ml/min plotted as a function of volume % anhydrite, calcite,
dolomite, and porosity, as well as anhydrite, calcite, and dolomite saturation, and
pH (see text for details).
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Figure 1 (continued).

Flow Rate 0.1 ml/min. As expected, increasing the flow rate increases the area
of enhanced porosity because more carbonate dissolution is required to
neutralize the larger volume of acid brine that is passed through the core.
Reaction of the Midale Marly flow unit for one day results in an increase in the
porosity from its initial value of 26% to 50% at the inlet. Porosity evolution over
distance is from calcite dissolution (up to 17 vol %), dolomite dissolution (up to 18
vol %), and anhydrite precipitation (up to 11 vol %). Beyond 4.5 mm of the inlet
no change in porosity ocurrs because pore fluids are saturated with respect to
calcite and anhydrite and supersaturated with respect to dolomite (dolomite is not
allowed to precipitate in the model) as the fluid moves along the length of the
core. The final acidity of the brine is near pH 4.8 and is buffered by calcite
saturation.

Increasing the reaction time to five days further enhances porosity.
Porosity increases from its initial value of 26% to 72% at the inlet. Enhanced
porosity is due to calcite dissolution (up to 17 vol %), dolomite dissolution (up to
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45 vol %), and anhydrite precipitation (up to 19 vol %). No change in porosity
occurs beyond 15 mm of the inlet, because pore fluids are saturated with respect
to calcite and anhydrite and supersaturated with respect to dolomite (dolomite is
not allowed to precipitate in the model) as the fluid moves along the length of the
core. The final acidity of the brine is near pH 4.8 and is buffered by calcite
saturation. Extending the reaction out to 30 days yields significant changes in
porosity that may compromise the integrity of the core during the experiment.

Case: M3 CO? injection rate: 0.1 mL/min Case: M3 CO2 injection rate: 0.1 mL/min.
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Figure 2. Simulations results for reaction of CO; rich brine with M3 core with a
flow rate = 0.1 ml/min plotted as a function of volume % anhydrite, calcite,
dolomite, and porosity, as well as anhydrite, calcite, and dolomite saturation, and
pH (see text for details).



Case: M3 CO2 injection rate: 0.1 mL/min. Case: M3 CO2 injection rate: 0.1 mL/min.
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Figure 2 (continued).

Midale Vuggy Intershoal (V1)

Midale Vuggy Intershoal flow unit differs from the Midale Marly flow unit in both
its composition and its initial porosity. The Midale Vuggy Intershoal mineralogy is
dominated by calcite (75 vol %) with lesser amounts of dolomite (10 vol %),
where as the Marly flow unit is dominated by dolomite (45 vol %) with lesser
amounts of calcite (17 vol %). The V1 flow unit has less than half the initial
porosity of M3.

Flow Rate 0.01 ml/min. Reaction of the Midale Vuggy Intershoal flow unit for one
day results in an increase in the porosity from its initial value of 10% to 22% at
the inlet. Porosity evolution over distance is from calcite dissolution (up to 21 vol
%), dolomite (up to 1%), and anhydrite precipitation (up to 9 vol %). Beyond 1
mm of the inlet no change in porosity occurs because pore fluids are saturated
with respect to calcite, anhydrite and dolomite as the fluid moves along the length
of the core. The steady-state acidity of the brine is near pH 4.8 and is buffered
by calcite saturation.

Increasing the reaction time to five days creates a larger area of enhanced
porosity. Porosity increases from its initial value of 10% to 62% at the inlet.




Enhanced porosity results from calcite dissolution (up to 76%) and dolomite
dissolution (up to 10 vol %), and anhydrite precipitation (up to 34%). Within 2
mm of the inlet no change in porosity occurs, because pore fluids are saturated
with respect to calcite, anhydrite and dolomite as the fluid moves along the length
of the core. The final acidity of the brine is near pH 4.8 and is buffered by calcite
saturation. Extending the reaction out to 30 days yields significant changes in
porosity that may compromise the integrity of the core during the experiment.
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Figure 3. Simulations results for reaction of CO; rich brine with V1 core with a
flow rate = 0.01 ml/min plotted as a function of volume % anhydrite, calcite,
dolomite, and porosity, as well as anhydrite, calcite, and dolomite saturation, and
pH (see text for details).

10



Case: V1 C02 injection rate: 0.01 mL/min Case: V1 CO2 injection rate: 0.01 mL/min
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Figure 3 (continued).

Flow Rate 0.1 ml/min. As expected, increasing the flow rate increases the area
of enhanced porosity because more carbonate dissolution is required to
neutralize the larger volume of acid brine that is passed through the core.
Reaction of the Midale Vuggy Intershoal flow unit for one day results in an
increase in the porosity from its initial value of 10% to 59% at the inlet. Porosity
evolution over distance is from calcite dissolution (up to 76 vol %) and dolomite
dissolution (up to 9 vol %), and anhydrite precipitation (up to 36 vol %). Beyond
3 mm of the inlet no change in porosity occurs because pore fluids are saturated
with respect to calcite, anhydrite and dolomite as the fluid moves along the length
of the core. The final acidity of the brine is near pH 4.8 and is buffered by calcite
saturation.

Increasing the reaction time to five days further enhances porosity.
Porosity increases from its initial value of 10% to 62% at the inlet. Porosity
evolution over distance is from calcite dissolution (up to 75 vol %), dolomite
dissolution (up to 10 vol %), and anhydrite precipitation (up to 36 vol %). No
change in porosity beyond 7 mm because pore fluids are saturated with respect
to calcite, anhydrite and dolomite as the fluid moves along the length of the core.
The final acidity of the brine is near pH 4.8 and is buffered by calcite saturation.
Extending the reaction out to 30 days yields significant changes in porosity that
may compromise the integrity of the core during the experiment.
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Case: V1 COamlecnon rate: 0.1 mL/min. " Case: V1 CO2 injection rate: 0.1 mL/min.
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Figure 4. Simulations results for reaction of CO; rich brine with V1 core with a
flow rate = 0.1 ml/min plotted as a function of volume % anhydrite, calcite,
dolomite, and porosity, as well as anhydrite, calcite, and dolomite saturation, and
pH (see text for details).
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Case: V1 CO, injection rate: 0.1 mL/min Case: V1 CO, injection rate: 0.1 mL/min
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Figure 4. (continued)

Midale Vuggy Shoal (V6)

Midale Vuggy Shoal (V6) and Intershoal (V1) flow units have very similar
composition with significant amounts of calcite and lesser amounts of dolomite
and anhydrite. The primary differences between these two flow units are that the
V6 unit is over sixteen times more permeable than V1, and the V6 unit has 50%
more porosity than V1 (Table 1).

Flow Rate 0.01 ml/min. Reaction of the Midale Vuggy Shoal flow unit for one day
results in an increase in the porosity from its initial value of 15% to 28% at the
inlet. Enhanced porosity results from calcite dissolution (up to 22 vol %),
dolomite dissolution (up to 1%), and anhydrite precipitation (up to 9 vol %).
Beyond 1 mm of the inlet no change in porosity occurs, because pore fluids are
saturated with respect to calcite, anhydrite and dolomite as the fluid moves along
the length of the core. The final acidity of the brine is near pH 4.8 and is buffered
by calcite saturation.

Increasing the reaction time to five days creates a larger area of enhanced
porosity. Porosity increases from its initial value of 15% to 58% at the inlet.
Enhanced porosity results from calcite dissolution (up to 60 vol %), dolomite
dissolution (up to 12 vol%) and anhydrite precipitation (up to 29 vol %). Beyond
2 mm of the inlet no change in porosity occurs, because pore fluids are saturated
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with respect to calcite, anhydrite and dolomite as the fluid moves along the length
of the core. The final acidity of the brine is near pH 4.8 and is buffered by calcite
saturation. Extending the reaction out to 30 days yields significant changes in
porosity that may compromise the integrity of the core during the experiment.

Case: V6 CO2 injection rate: 0.01 mL/min. Case: V6 002 injection rate: 0.01 mL/min.

0.4
Time: 0
1 hour
0.35 =8= 4 hours
5 == 12 hours
Thou el
-
=-o= 4 hours - g;sgis
= 03 =e~ 12 hours x
2 =o- 1 day S 4
8 =e= 5 days E
5025 -~ 30 days §
E o
]
3 23
> »
2 02 2
° s
2z 2
< g2
0.15
1
01 J
0.05' 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Distance (mm) Distance (mm)
Case: V6 CO? injection rate: 0.01 mL/min. Case: V6 CO? injection rate: 0.01 mL/min.
07 05
0.6 0
Time: 0
0.5] -0.5 1 hour
c Time: 0 % == 4 hours
g 1 hour 8 ~e~ 12 hours
8 == 4 hours < ~o- 1day
._:‘_) 0.4/ =o= 12 hours s -1p =o= 5 days
£ ~o- 1day © == 30 days
E =e= 5days 2
S =e- 30 days 5
> »
r 0.3 o -1.5]
5 S
) 3
o (&}
02 -2|
0.1 -2.5]
0 -3
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Distance (mm) Distance (mm)

Figure 5. Simulations results for reaction of CO; rich brine with V6 core with a
flow rate = 0.01 ml/min plotted as a function of volume % anhydrite, calcite,
dolomite, and porosity, as well as anhydrite, calcite, and dolomite saturation, and
pH (see text for details).
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Case: V6 CO?mJeclion rate: 0.01 mL/min Case: V6 Coylmecnon rate: 0.01 mL/min
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Figure 5 (continued)

Flow Rate 0.1 ml/min. As expected, increasing the flow rate increases the area
of enhanced porosity because more carbonate dissolution is required to
neutralize the larger volume of acid brine that is passed through the core.
Reaction of the Midale Vuggy Shoal flow unit for one day results in an increase in
the porosity from its initial value of 15% to 56% at the inlet. Porosity evolution
over distance is from calcite dissolution (up to 60 vol %), dolomite dissolution (up
to 11 vol %) , and anhydrite precipitation (up to 29 vol %). Beyond 3 mm of the
inlet no change in porosity occurs, because pore fluids are saturated with respect
to calcite, anhydrite and dolomite as the fluid moves along the length of the core.
The final acidity of the brine is near pH 4.8 and is buffered by calcite saturation.
Increasing the reaction time to five days further enhances porosity.
Porosity increases from its initial value of 10% to 58% at the inlet. Porosity
evolution over distance is from calcite dissolution (up to 60 vol %), dolomite
dissolution (up to 12 vol %), and anhydrite precipitation (up to 28 vol %). Beyond
8 mm of the inlet no change in porosity occurs, because pore fluids are saturated
with respect to calcite, anhydrite and dolomite as the fluid moves along the length
of the core. The final acidity of the brine is near pH 4.8 and is buffered by calcite
saturation. Extending the reaction out to 30 days yields significant changes in
porosity that may compromise the integrity of the core during the experiment.
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Case: V6 002 injection rate: 0.1 mL/min. . Case: V6 CO? injection rate: 0.1 mL/min.
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Figure 6. Simulations results for reaction of CO; rich brine with V6 core with a
flow rate = 0.1 ml/min plotted as a function of volume % anhydrite, calcite,
dolomite, and porosity, as well as anhydrite, calcite, and dolomite saturation, and
pH (see text for details).
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Case: V6 002 injection rate: 0.1 mL/min Case: V6 CO2 injection rate: 0.1 mL/min
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Figure 6 (continued)

Comparison with other studies

In this section we compare the simulation results reported here to
experimental and modeling studies. Our simulation results suggest significant
changes in porosity over a very short time period when acid, CO-rich brines
react with carbonate geology. Luquot and Gouze (2009) documented a 4%
porosity increase over a 2-hour experiment where input solution compositions
were far from equilibrium (Table 2). Had the experiments run for a longer period
of time, we would expect a much larger change in the porosity. In much longer
experiments from 25 days to 6 months, Le Guen et al (2007) measured 2 to 3 %
changes in porosity where verical and axial stress was independently controlled.
The researchers used a slow flow rate, larger core, and CO,-rich and Ca-poor
solutions. It is possible that some combination of an applied strain rate, low flow
rate, and slower reaction kinetics could account for the discrepancy between the
experimental results and the simulations reported here.

Comparison of simulations for laboratory experiments and much larger
field conditions raises some concerns on the ability to scale experimental studies
to the reservoir environment. In previous work, we simulated the impact of CO,
storage for the Ordos Basin, using a very similar geochemical model China (Hao
et al., 2009). Changes in reservoir porosity and permeability are expected to be
minimal during injection and storage, because there is minimal mineral
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dissolution and precipitation of the carbonate geology. Figure 7 shows the
percentage of the original amount of calcite and dolomite dissolved over the 20-
year simulation near the injection well at the base of the dolostone reservoir. The
amount of dolomite dissolved is negligible and is on the order of the uncertainty
in the numerical simulations. The amount of calcite dissolution is also quite
small. Dissolution of about 1.5% of the initial volume of calcite in the rock (only
1%) increases the porosity by 0.015%. Some of calcium dissolved from calcite
reacts with dissolved sulfate and forms anhydrite. Again the absolute amount is
too small to impact porosity and permeability.

The discrepancy between the porosity changes predicted for the core
flood experiment and the CO, storage in a dolostone formation raises at least
two concerns. Firstly, does the much larger grid size for the field scale simulation
provide a larger buffering capacity for CO; rich fluid? Secondly, does the
experiment in which the COg-rich fluid continually reacts with the carbonate
geology an appropriate model for CO; the injection within the reservoir? In
Ordos Basin simulation, supercritical CO; is injected into the reservoir at defined
flux that is spread out over the thickness of the storage unit at a flux limited by
low permeability of the rocks. Once injected rock heterogeneity (primarily
porosity and permeability) and low CO, density permits the CO, to move away
from the injection source. Particularly, under high injection pressure-buildup
supercritical CO; tends to displace brine with dissolved CO, away from injection
wells, which may discourage mineral dissolution/precipitation processes over
there. Additionally for a lower permeable reservoir CO; injection rates are
controlled, and longer or multiple injection wells are used in order to avoid higher
over-pressure and mechanical damage to the reservoir. This will further help
disperse CO; over a large area of the reservoir, and result in relatively lower CO,
injection rates per unit of volume of reservoir. Therefore it may take much longer
time for COz, injection to cause significant porosity changes due to mineral
reactions in the reservoir. In contrast with 2-D or 3-D reservoir-scale modeling
the simulations performed in this study are limited to one-dimensional, and the
continuous CO;, flooding concentrates on a very small core sample. The
difference in terms of problem scale and flow conditions may explain the
discrepancy between the porosity change predictions from lab-scale and
reservoir-scale simulations, however, further simulations needed in order to
address this concern from both physical and numerical point of view.

Concluding Comments on Experimental Design

Design of a meaningful experiment requires that the extent of reaction be
measured by changes in inlet and outlet solution composition and changes in the
porosity as measured by x-ray micro-tomography. The simulations suggest that
reaction of the cores with formation brine equilibrated with supercritical CO, at
14.7 M Pascals and 60°C should yield measurable changes in both chemistry
and porosity and permeability with a flow rate equal to 0.01 ml/min within a 24-
hour period. Shorter reaction periods or lower flow rates may be desirable as
predicted porosity changes can be quite high at inlet where the acid solution first
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reacts with the core mineralogy. Additional scenarios will be considered to best
study field conditions experimentally. Specifically, using supercritical CO; to
displace ambient brine and lower flow rates with varying pCO, representative of
a referenced time and place for the CO, operations at Weyburn.
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Figure 7. Change in mineral volume fraction of dolomite, calcite, and anhydrite
caused by CO; injection into a carbonate rock with low permeability. Injection
spans from 0 to 10 years. The location is near the injection well which
experiences the most acid conditions over the run (Hao et al., 2009).
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